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We observe that when an ultracold ground state cesium (Cs) atom becomes
bound within the electronic cloud of an extended Cs electronic orbit, ultralong-
range molecules with giant (kilo-Debye) permanent electric dipole moments
form. Large molecular permanent electric dipole moments are challenging to
experimentally realize. Meeting this challenge has garnered significant interest
because permanent electric dipole moments are important for understanding
symmetry breaking in molecular physics, control of chemical reactions and
realization of strongly correlated many-body quantum systems. These new
hybrid class of ‘trilobite’ molecules are predominated with degenerate Ryd-
berg manifolds, making them difficult to produce with conventional optical as-
sociation. Their behavior is quantitatively reproduced with detailed coupled-
channel calculations.
Dipole moments are fundamentally important for control of chemical reactions and dy-
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namics (1, 2), precision spectroscopy, realization of strongly-correlated many-body gases ex-
hibiting novel quantum phase transitions (3), quantum information processing (4), and tests of
fundamental symmetries (2). Permanent electric dipole moments (PEDM) in molecules are a
manifestation of symmetry-breaking. They form in quantum systems by charge separation and
mixing of opposite parity eigenstates. Homonuclear molecules are therefore not expected to
possess PEDM (5).
It was shown in Ref. (6) that ultralong-range rubidium (Rb) Rydberg dimers correlating to
nS + 5S molecular asymptotes, with n the Rydberg atom’s principal quantum number, possess
sizable PEDMs,∼ 1 Debye, and a linear Stark map. It was also predicted that due to the smaller
noninteger component of the Cs S-state quantum defect, Cs Rydberg molecules correlating to
nS + 6S asymptotes may have PEDM as large as ∼ 15 Debye. In contrast to states with
angular momentum quantum numbers l ≤ 2 (7–12), which are most easily addressed by laser
excitation, the original theory of ultralong-range Rydberg molecules (13) predicted huge kilo-
Debye PEDM would form in the excitation of a completely degenerate Rydberg manifold. Cs
atoms, because of their energy level structure and ground state electron scattering properties are
ideal for observing a new species of ultralong-range Rydberg molecule that is a hybrid of the
low and high l-type molecules. This class of Cs ultralong-range Rydberg molecules possess
giant PEDMs but are accessible via conventional two-photon laser excitation.
We demonstrate that for Cs atoms, the peculiarly small noninteger fraction of the S-state
quantum defect strongly admixes the (n − 4)l > 2 degenerate electronic manifold with spher-
ically symmetric nondegenerate nS states to form ultralong-range Rydberg molecules with
kilo-Debye PEDM, which are spectroscopically accessible. The Rydberg electron probabil-
ity distributions for the observed Cs(nS − 6S) 3Σ Rydberg molecules are predominantly of
the ‘trilobite’ type, Fig. 1a, where, in this notation, the label in brackets denotes the separated
atom limit. The fractional mixing of high angular momentum states can be as large as 90%.
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This contrasts with the 0.01% admixture of hydrogenic state character that occurs in Rb Ry-
dberg molecules (6). The large admixture of nearly degenerate electronic manifold localizes
the electron density on the Cs(6S) perturber, Fig. 1a. We measure the PEDM by monitoring
how the molecular Rydberg lines broaden when subjected to F ∼ 30 mV/cm external electric
field, Fig. 1c. Quantitative calculations of potential energy curves (PEC) with complicated non-
adiabatic avoided crossings, vibrational energy levels and PEDMs corroborate the observations,
Fig. 1b, Fig. 2a, and Fig. 3a.
Excitation into Rydberg states in a quantum gas has the potential for probing many-body ef-
fects with high precision and creating exotic states of matter. A recent observation of Rydberg
electron orbital excitation to sizes comparable to or exceeding the extent of a Bose-Einstein
condensate (BEC) heralds possibilities for charged impurity research with extremely low mass
ratios (14). Due to Rydberg blockade (15), only one Rydberg atom is excited in the BEC and
single impurity studies can be conducted. Another important analogy between the formation
of ultralong-range Rydberg molecules and impurity interaction in solids is localization (16).
The formation of ultralong-range Rydberg molecules is manifestly through multiple scattering
of electrons from perturbers, leading to localization of the electronic wave packet. The Cs
states produced in this work are precursors to fascinating states in materials where the electron
is strongly localized at the position of several ground state atoms. Such states will have ex-
otic properties as they can involve dipolar and spin degrees of freedom as well as interactions
between Rydberg atoms, if more than one Rydberg atom is present.
The interaction between a Rydberg electron and a ground state perturber within the Ryd-
berg atom can be described by a Fermi contact interaction with energy dependent scattering
lengths (17, 18). For Cs, there is a significant p-wave spin-orbit splitting, manifested in the
3PJ electron-cesium scattering phase shifts that must be considered. To calculate the molecular
states for the Cs dimer, we diagonalize the electronic Hamiltonian that results from the elec-
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Figure 1: a) The electron probability distribution, |Ψ(Re; r)|2 in Eq. (4), for the molecular
states to the red of Cs(n = 37S, 39S, and 40S) Rydberg lines, each marked in (b) with an ar-
row, in cylindrical coordinates. The Rydberg ion is located near the center of each plot and the
Rydberg electron is localized near the location of the ground state perturber. The distributions
are shown at the equilibrium separations at, Re = 102.4, 115.9, and 123.0 nm, for the corre-
sponding BO PECs, given in (b). The vibrational wave functions in the outermost wells are
indicated. The BO PECs (black, red and blue curves) correlate asymptotically to the nS + 6S,
the (n− 4)F + 6S, and the (n− 4)G+ 6S states. The dashed (solid) curves have the MJ = 0
(MJ = ±1) projection symmetry. The vibrationally averaged PEDM are also shown for each
v. c) Linewidths as a function of Fa for the arrow marked states in (b). The error bars for
the PEDM are determined as the background field and two-photon laser linewidth are varied
within the measurement error. The error bars on the linewidth data are the statistical error of
the linewidth fit.
tron atom interaction for a range of R using a large basis set of Rydberg electron orbital wave
functions. The calculation yields a set of Born-Oppenhiemer (BO) PEC, U(R), and their cor-
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Figure 2: a) A comparison between the calculated vibrational levels in the outermost PEC well,
superposed with the associated wave functions (left) and observed spectra (right), for states
correlating to the 37S + 6S limit. Even parity (v = 0, 2, ...) vibrational levels have stronger
signals because the de Broglie wavelength of the ground state wave function, λdB ∼ 35 nm, is
much longer than the width of the outermost potential well. b) Level diagram for the two-photon
excitation scheme.
responding Rydberg electron wave functions, Ψ(R; r). Examples of these PECs and electron
density distributions calculated from the Ψ(R; r) are shown in Fig. 1a-b. The resulting set of
coupled Schro¨dinger equations are solved directly to extract the vibrational states and the full
spectrum of Rydberg molecular states. The depth of the BO PECs with respect to the nS + 6S
molecular asymptotes show extreme sensitivity to the value of the zero-energy s-wave scatter-
ing length. This results from the fact that the depth of the PECs with respect to the hydrogenic
manifold is approximately proportional to the scattering length. Since the hydrogenic mani-
fold lies several GHz above the Cs Rydberg S-state, a 1% variation in the electron-ground state
atom s-wave scattering length results in ∼ 100 MHz change in the PEC depth. We used this
sensitivity to adjust the value of the s-wave scattering length so that the lowest vibrational level
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Figure 3: a) A comparison between calculated spectra (red) and experimental spectra (blue)
for the states correlating to the 37S + 6S, 39S + 6S and 40S + 6S dissociation limits. The
centroids of the vibrational levels are shown as sticks underneath the calculated spectra. Bound
states corresponding to the MJ = 0 and MJ = ±1 projections are indicated with red and blue
sticks, respectively. b) Ion counts for the v = 4 level in the PEC correlating to the 37S + 6S
limit, and v = 0 in PECs correlating to the 39S + 6S and 40S + 6S limits, as a function of
the delay between excitation and ionization. The uncertainties in the delay time are due to the
width of the 5 µs laser pulses used. The vertical error bars are the statistical error in the ion
counts.
in the outer well of the PEC correlating to 40S + 6S is in agreement with the experimentally
observed resonance peak. The s-wave scattering length obtained was −21.266 a0. This value is
2% smaller than the theoretically calculated value of −21.7 a0 used in (9,19).
The p-wave electron-perturber scattering creates a set of narrow avoided crossings in the BO
PECs, evident in Fig. 1b. These features correspond to metastable p-wave Cs− states (20). The
PEC crossings can have a significant impact on the overall behavior of the molecular PECs- and
the resulting vibrational states- particularly for those states lying nearby in energy. Far from the
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crossings, the PECs are dominated by s-wave scattering. We focus on states in the outer-most
PEC wells, seen in Fig. 1b, where the p-wave scattering only produces a small energy shift and
the spin-orbit splitting between the MJ = ±1 and 0 bound-state energies is smaller than the
experimental spectral resolution of 3 MHz.
The experiment was performed in a far-off resonance trap (FORT). The crossed FORT was
loaded to a peak density of 5× 1013 cm−3 at a temperature of 40 µK. A two-photon excitation
was used to photoassociate the molecules, Fig. 2b. The molecules were ionized using the FORT
beams. The ions were detected with a microchannel plate (MCP) detector. The molecular
spectra were acquired by counting Cs+ and Cs2+ ions arriving at the MCP as a function of
excitation laser frequency. No Cs2+ ions were detected.
Molecular spectra were acquired to the red of the n = 37, 39, and 40S1/2 atomic states.
Three spectral absorption lines were selected for Stark shift measurements: the excited vibra-
tional level at ∼ −277 MHz, v = 4, in the PEC correlating to the 37S + 6S limit, and the
ground vibrational levels, v = 0, in the PECs correlating to the 39S + 6S and 40S + 6S limits.
These states are indicated in Fig. 1b with arrows and their ion yield spectra are shown in Fig. 2a
and Fig. 3a. For the Stark shift measurements, external electric field, Fa, scans were performed
on the spectral lines to determine their positions and widths. Since the electric field plates can
only apply electric fields normal to the plates in our apparatus, a constant horizontal background
electric field of Fh ∼ 15 mV cm−1 was present for all the measurements.
At electric fields of Fa ∼ 15 − 30 mV cm−1, the Stark shift appears as a broadening of the
spectral line that increases linearly as a function of Fa, Fig. 1c (see supplementary materials).
The broadening increases non-linearly at very small Fa ∼ 10 mV cm−1, due to the presence of
Fh ∼ 15 mV cm−1. From the broadenings shown in Fig. 1c, we determined dipole moments
for the measured molecular states. For the −277 MHz vibrational peak near the 37S + 6S
asymptote, the measured electric dipole moment is D = 2330± 400 Debye, while we obtained
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D = 2310±250 Debye andD = 1915±164 Debye for the v = 0 level in the outer wells shown
in Fig. 1b near the 39S + 6S and 40S + 6S asymptotes, respectively. The observed PEDMs
are 100 − 1000 times larger than those measured in previous experiments (6, 9) primarily due
to the greater degenerate admixture present in these newly observed states. Electron density
distributions for each molecular state, |Ψ(Re; r)|2, whose PEDM was measured, are shown
in Fig. 1a. In contrast to the Rb results (6), it was not necessary to subtract the Cs nS-state
contributions from Ψ(R; r) to observe the ‘trilobite’.
The highly localized electron density shown in Fig. 1a combined with the large internu-
clear separation, ∼ 120 nm, results in extremely large PEDM, d = 〈χv(R)|d(R)|χv(R)〉 where
d(R) = 〈Ψ(R; r)|z|Ψ(R; r)〉 is the R dependent dipole moment, and |χv(R)〉 is the v-th vi-
brational wave function. The R-dependent dipole moment d(R) is almost entirely due to the
hybridization by the high-l degenerate Rydberg manifold. Ψ(R; r) can be written,
Ψ(R; r) = cS(R)ψnS(r) + cT (R)ψ(n−4)T (R; r), (1)
where the ψ(n−4)T (R; r) trilobite state is a linear combination of l > 2 states that maximally
localizes the Rydberg electron near the ground state perturber. Here cS(R) and cT (R) are the
probability amplitudes for finding the electron in an nS-state or trilobite states, respectively.
The R-dependent dipole moment is d(R) ∼= |cT (R)|2dT (R) where dT (R) ∝ (n − 4)2R is the
dipole moment of the bare trilobite molecule. Far from the avoided crossings, cS(R) is ap-
proximately proportional to cS(R) ∼ (E(n−4)l>2−EnS)/U(R). Therefore, the PEDM becomes
monotonically smaller with increasing v as the higher-lying vibrational wave functions progres-
sively maximize their probability amplitude at the outer turning points. The calculated PEDMs,
shown in Fig. 1b, are within 13% of the corresponding experimental values. The main source
of error in the theoretical PEDMs is the uncertainty in the position of the vibrational state en-
ergy levels. A shift in the binding energy of 40 MHz in ν = 0 for Cs(37S+6S)3Σ results in
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an 80 Debye change in the PEDM. Taking this uncertainty into account, the experimental and
theoretical values agree to within one standard deviation.
Fig. 2a shows a comparison between the experimental spectrum and the PEC correlating
to the 37S + 6S dissociation limit, with Fh = 15 mV cm−1. By applying the same func-
tional form employed for fitting the Stark shifts, we calculated the theoretical spectra shown
in Fig. 3a. There is significant modulation in the peak strength between even and odd v. The
modulation of the vibrational state amplitude is most clearly observed for the molecular states
correlating to the 37S + 6S asymptote, as well as near the minima of each of the different PEC
wells. The modulation is due to odd parity cancelation in the Frank-Condon factors, akin to the
Cooper minima in atomic ionization spectra (21). The de Broglie wavelength of the Cs atoms is
λdB(T = 40µK) ∼ 35 nm, while the width of the potential wells is w ∼ 5 nm. Over this span,
the ground state wave function is effectively flat.
The observed lifetimes of each state are shown in Fig. 3b. The lifetimes are shorter than the
Cs(nS) states. For example, the lifetime of the 40S state due to radiative and blackbody decay
at 300 K is 37 µs (22). The shorter lifetimes are indicative of mixing states such as (n − 4)F
Rydberg state, which has a small, yet nonzero, quantum defect. The lifetime of Cs(36F) is
τ36F ∼ 18 µs (23). The fact that the decay of the molecular state is faster than the pure nS
Rydberg state is another indication of the degenerate mixing involved in the formation of the
hybrid trilobite molecules.
We have observed, and quantitatively described, the formation of homonuclear molecules
with giant kilo-Debye PEDM. Due to a small noninteger quantum defect for Cs(nS)-states,
there is substantial mixing of the (n − 4)l > 2 degenerate electronic manifold and Cs nS
wave functions. This hybridization allows the molecule to acquire a giant kilo-Debye PEDM
and yet be excited using standard two-color laser schemes. This is a new class of ultralong-
range molecule that is an advantageous cross between a traditional ‘trilobite’ molecule and a
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low-l ultralong-range Rydberg molecule (7–12). The discovery of the trilobite ultralong-range
Rydberg molecule could potentially open opportunities in ultracold chemistry and strongly cor-
related many-body physics due to the fact that these exotic states have engineered mesoscopic
localization and kilo-Debye permanent electric dipole moments.
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Supplementary Materials
The Rydberg molecules were produced in a 1064 nm crossed far-off resonance trap (FORT)
loaded from a Zeeman slower-loaded magneto-optical trap (MOT). The experimental setup has
been described elsewhere (9,24).
The crossed FORT was created using a 50 W Yb fiber laser at 1064 nm. The laser was
focused to a (1/e2) spot size of 98 ± 1.0 µm. The beam was passed through the trapping
region twice, with the second pass at a 22.5o angle to the first, resulting in an aspect ratio of
approximately 2:1. The beams were not interferometrically stabilized, so a λ/2 waveplate was
used to rotate the polarization of the second pass to prevent interference fringes. The trap depth
was T ∼ 5 mK. The trap frequencies were 2pi × 3.58 kHz on the short axis and 2pi × 1.0 kHz
on the long axis. The crossed FORT was loaded to a peak density of 5× 1013 cm−3. The atoms
inside the trap were optically pumped into the 6S1/2(F = 3) hyperfine ground state to avoid
collisional losses from the trap. The temperature of the atoms in the FORT was T = 40 µK.
A two-photon process was used to photoassociate the molecular states in the dipole trap.
The first step was generated by a near-infrared photon blue-detuned by 275 MHz from the
6S1/2(F = 3)→ 6P3/2(F ′ = 4) transition. The second step of the excitation was generated by
a tunable dye laser at∼ 511 nm, near a transition to an nS1/2 Rydberg state. The detuning of the
first step was chosen to place the frequencies of the hyperfine ghost peaks outside the frequency
range of interest; to the red of the atomic Rydberg line when scanning with the second step
laser. This required a blue detuning on the first step to move the hyperfine ghosts outside that
range.
The lasers were switched and frequency-shifted by acousto-optic modulators (AOMs) and
coupled into optical fibers to transport the light to the experiment. The first step laser had
∼ 5 mW of power and was collimated to a spot size of 1 mm. The second step laser had
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70 mW of power and was focused to a spot size of 44 µm. The second step laser co-propagated
with the second pass of the FORT beam. The angle between the first step and second step beams
was 112.5o.
A train of 1000 laser pulses at 2 kHz began 20 ms after the end of the FORT loading period,
lasting for 500 ms. The first step and second step lasers were pulsed simultaneously. Each laser
pulse was 10 µs long. After a delay of 5 µs to allow the FORT beam to photoionize excited
atoms, the ions were projected onto a microchannel plate (MCP) detector using an electric field
pulse with a duration of 500 ns and amplitude Fp = 67 V cm−1 . The electric field plates were
also used to generate background electric fields for the Stark shift measurements. After the
pulse train was complete, the second-step laser frequency was incremented and the FORT was
reloaded.
The spectra were produced by counting the pulses on the MCP at each frequency step,
discriminating Cs+ and Cs2+ ions based on the time of flight. No Cs2+ ion signal was detected
in the experiment. The trilobite states appear as satellite peaks to the red of the atomic nS
Rydberg line in the Cs+ signal. Ten scans were averaged for each spectrum. Spectra were
taken from ∼ 1 GHz red of the nS1/2 line. The peak molecular signals were ∼ 4–5 orders
of magnitude weaker than the atomic nS1/2 Rydberg signal. Two principal reasons for the
small signal amplitude, as compared to Rb, are the smaller admixture of S-state character in
the electronic wave functions, and the fact that the outer potential wells shown in Fig. 1b are
located at internuclear separations that are less than the average separation between the atoms
in the gas.
The frequency of the first step laser was monitored using a saturated absorption setup.
AOMs were used to shift the light in the saturated absorption setup so that it was resonant
with the 6S1/2(F = 3) → 6P3/2(F ′ = 4) transition. Additionally, an electromagnetically-
induced transparency setup using a room-temperature Cs vapor cell was used to provide fre-
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quency markers for the spectra. The horizontal background electric field, Fh was measured by
recording a Stark spectrum of the Cs 126D Rydberg state with the applied (vertical) electric
field, Fa, zeroed.
Lifetimes of the trilobite states were measured by varying the time between excitation and
ionization. To prevent photoionization from contaminating the lifetime measurement by ioniz-
ing Rydberg atoms early, the FORT was switched off for 40 µs, starting 15 µs before the excita-
tion laser pulses. The FORT was completely off when the laser excitation pulses occurred. The
atoms were field ionized at Fp = 356 V cm−1. Switching the FORT off increased losses from
the trap due to thermal expansion of the atomic cloud during the off period. To mitigate this
problem, the pulse train was reduced to 100 pulses in 50 ms. The experiment was performed by
holding both steps of the two-photon transition in resonance with the trilobite state and count-
ing ions during a 100,000 pulse period for each delay. The length of the excitation pulse for
the lifetime experiment, 5 µs, caused an uncertainty of ±2.5 µs in each delay measurement.
Tunneling of the system out of the potential wells studied in this paper is not relevant, as the
tunneling times are far longer than any of the timescales present in the experiments.
Due to the large spatial extent of these molecules and the fairly short lifetimes, ∼ 10µs,
the excited molecular states are localized angular wave packets, oriented relative to the external
electric field. The orientation is determined by the detuning of the excitation from the field free
molecular energy. The spectra that result are the same as those obtained for molecules whose
dipole moments are randomly oriented with respect to the electric field. There is a constant
probability density of finding molecules oriented with a given projection of dipole moment
along the electric field direction. As a result, the linear Stark shift manifests as a broad flat
feature in the absorption spectrum that spans ∆ω = ±dF where d is the molecular dipole
moment and F =
√
F 2h + F
2
a is the total external field amplitude. Because the laser has a
finite linewidth and the final electronic state is metastable, the spectral line has the shape of a
14
step function of width 2dF convolved with a Lorentzian. This spectral lineshape was used to
characterize the molecular Stark shifts.
The peak widths as a function of applied electric field are shown in Fig. 1c. The fitting
function is,
A
2dF
[
tan−1
(
x− x0 + dF
γ/2
)
− tan−1
(
x− x0 − dF
γ/2
)]
, (2)
where the transition probability A, the peak center x0, and the spectral line broadening dF are
fit parameters. The parameter x0 is the field-free vibrational energy, γ ∼ 3 MHz is the width of
the bare molecular transition, determined by the linewidth of the two-photon transition, and the
transition probability A is proportional to the square of the s-wave electron probability ampli-
tude matrix element between the initial and final molecular vibrational states. Thermal averag-
ing over the initial states creates additional broadening on the order of 1 MHz; this additional
broadening is incorporated into the width of the bare molecular transition, γ. It is assumed that
the initial state is a homogeneous distribution of Cs atoms. Taking into account the background
field, the line broadening increases with electric field as d
√
F 2a + F
2
h .
In atomic units the Fermi contact interaction is given by
Ve−atom(r,R) = 2piAs(k)δ(r−R) + 6piA3p(k)δ(r−R)←−∇ · −→∇ (3)
where As(k) and Ap(k) are the energy dependent s- and p-wave scattering lengths of the
electron-pertuber atom collision system, respectively, r is the Rydberg electron position vector
from the ionic core, and R is the position vector of the neutral ground state perturbing atom to
the Rydberg core. The electron momentum, k, is defined within the semi-classical approxima-
tion whereEb = k2/2−1/R. In this expression,Eb is the binding energy of the isolated Rydberg
atom. Here, we used the triplet s- and p-wave scattering lengths found in (9,25,26). Because the
experiment is carried out in a FORT, rather than a magnetic trap, singlet Rydberg-ground state
molecule states are present. However, the Cs singlet scattering lengths are small (19) and these
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states are not included in the calculations. To account for the spin orbit splitting, the p-wave
scattering length is defined by
Ap =
2∑
J=0
[
CJMJ10,1MJ
]2
A3p,J , (4)
where CJMJL1M1,SMS is a Clebsch-Gordan coefficient that couples the angular momentum of the
Rydberg electron (L1,M1) to the total spin of the Rydberg electron-ground state atom system
(S,Ms). We set the 3P1 resonance position to 8 meV (26) and the spin-orbit splitting of the
3P0 and 3P1 resonances to the calculated values in Ref. (25). For the electron to experience
the s-wave contact interaction in Eq. 3, it must have a non-zero probability to be found along
the internuclear axis of the ultralong-range Cs dimer. As a consequence, only states with total
angular momentum projection,MJ = MS+ML = 0 along this axis, contribute to the potentials.
In Rb Rydberg molecules (6), the resulting electronic states are dominated by the nS Ryd-
berg states and the s-wave electron-atom scattering. For Rb, the interaction potential mimics the
Rydberg electron density function. In contrast, due to the accidental near-degeneracy present
in Cs between the nS and (n − 4)l > 2 Rydberg states, scattering of the Cs Rydberg electron
between different Rydberg states must be considered. Recall that the ground state atom scatter-
ing center lies off-center from the Rydberg atom. This means that in an s-wave collision, the
electron can scatter from one angular momentum state into another. Such multiple scatterings
result in highly-localized electronic wave functions, dominated by a nearly degenerate manifold
of hydrogenic (n− 4) l > 2 states.
In other previously studied Rydberg molecule systems (6, 13), p-wave spin-orbit splittings
were small, and could be treated as a single pole in the p-wave scattering length. Due to the
large spin-orbit splitting in Cs, the p-wave scattering length in Eq. 4 leads to multiple sets
of narrow avoided crossings. The Clebsch-Gordan coefficients in Eq. 4 create two different
families of potentials, classified with |MJ | = 0 and |MJ | = 1. For the potential wells in which
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the states of interest reside, the MJ = 0 and MJ = ±1 projections are nearly degenerate, and
not distinguishable in the experiment.
For the calculation of the BO potentials, the electronic wave function is dominated by the
(n − 4)(l > 2) hydrogenic manifold and the ns state, however, a larger basis set is needed to
achieve agreement with the experimental results. For this work, we used a Rydberg orbital basis
set that includes all of the Rydberg orbits in-between the (n ± 1)S Rydberg states including
the (n − 3)(l > 2) nearly degenerate manifold, just above the (n + 1)S Rydberg threshold.
Specifically we include the nS, (n± 1)S, nP , (n− 1)P , (n− 1)D, and (n− 2)D states as well
the (n−3)(l > 2), (n−4)(l > 2), and (n−5)(l > 2) degenerate manifolds. For the comparison
between theory and experiment, a 25 MHz average AC Stark shift of the ground state due to the
FORT laser was accounted for by shifting the experimental spectra. The FORT-induced AC
Stark shift was measured by comparing the spectral position of each Rydberg state in the MOT,
used to load the FORT, with the spectral position of the Rydberg state in the FORT.
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